Hydrogen sulfide (H 2 S) remains a chemical hazard in the gas and farming industry. It is easy to manufacture from common chemicals and thus represents a potential threat for the civilian population. It is also employed as a method of suicide, for which incidence has recently increased in the US.
Introduction
This review focuses on 2 questions related to H 2 S acute toxicity to the central nervous system: first we will describe the neurological symptoms and lesions that can be produced by a short episode of life threatening sulfide intoxication along with the various mechanisms of sulfide toxicity that have been implicated. The very debated question of the neurological effects of a chronic exposure to very low levels of sulfide (Kilburn et al., 2010) as well the effects of repetitions over several days of toxic sulfide exposure, used for instance in some animal models, will not be discussed. Second, we will present experimental evidence supporting the interest of methylene blue, an old redox dye, to treat H 2 S toxicity induced brain injury . The frame work that we are using in this review to address these 2 questions can be summarized as follows: 1) Long-term neurological deficits are actually very rare events, even in severe sulfide intoxication (Burnett et al., 1977; Mooyaart et al., 2016) . Although cognitive or motor deficits can develop both in animal models and in humans (Tvedt et al., 1991b) as a possible direct toxicity of H 2 S on neuronal function (Imamura et al., 2017) , H 2 S induced-brain injury typically occurs following intoxications associated with a profound cardiogenic shock , breathing depression (Haouzi, 2012) , as well as acute lung lesions induced hypoxemia (Dorman et al., 2004; Lopez et al., 1989) . The presence and severity of neuronal lesions appears therefore to be in many cases produced or facilitated by an ischemic/hypoxic insult rather than by a toxic injury (Baldelli et al., 1993) . 2) Treatments aiming at trapping the pool of soluble H 2 S in the blood may have little effect, as this pool disappears very quickly from the blood Haouzi et al., 2014b; Klingerman et al., 2013) and the tissue (Sonobe and Haouzi, 2016a) . Consequently, no more than a few minutes after an exposure, one is left with neurological symptoms that reflect the consequences of a sulfide intoxication but which are not anymore directly related to the presence of free sulfide (Haggard, 1921) .
dreadful "method" of suicide (Kamijo et al., 2013; Reedy et al., 2011; Sams et al., 2013; Truscott, 2008) , which is accomplished by mixing in a closed environment, such as a car or a small room, a source of sulfide and various types of household chemicals (Hagihara et al., 2014) . These intentional intoxications have created new challenges for first responders due to their severity and the fact that they occur in an environment wherein the presence of toxic levels of sulfide would be unexpected (Reedy et al., 2011; Truscott, 2008) . There is no current effective standard of care available to first responders that can be offered to victims of life-threatening symptoms.
2.1. The mechanisms of H 2 S neural toxicity remain equivocal H 2 S, which is much more soluble than CO 2 or O 2 (Carroll and Mather, 1989; Furne et al., 2008; Goodwin et al., 1989) , diffuses almost instantaneously into the blood as soon as it is inhaled. In the blood and tissues, only a very small portion of sulfide remains in a "free/soluble" or diffusible form ( Fig. 1) , comprising the gaseous form H 2 S (Barrett et al., 1988; Carroll and Mather, 1989; De Bruyn et al., 1995; Douabul and Riley, 1979) and the sulfhydryl anion HS − (Almgren et al., 1976; Millero, 1986) . A larger pool of sulfide will combine with metalloproteins such as the ferrous iron of hemoglobin or will react with cysteine residues present in large number of proteins (Haggard, 1921; Smith, 1967; Smith and Gosselin, 1966; Wintner et al., 2010) , creating a large sink for H 2 S (Haouzi et al., 2014b; Klingerman et al., 2013) . The most remarkable feature of H 2 S metabolism is that H 2 S disappears spontaneously from the blood and the tissue (Haggard, 1921; Klingerman et al., 2013; Toombs et al., 2010) at a very rapid rate ( Fig. 1) . Indeed H 2 S is oxidized into suflite, sulfate and thiosulfate (Olson, 2012; Olson, 2011; Olson et al., 2018) , a reaction catalyzed by various mitochondrial enzymes such as the sulfide quinone oxido-reductase (Bouillaud and Blachier, 2011; Lagoutte et al., 2010; Leschelle et al., 2005; Modis et al., 2014) . We found that soluble H 2 S completely disappears from the blood and tissues within 1 min in large and small mammals exposed to very high levels of H 2 S (Haouzi et al., 2014b; Klingerman et al., 2013) . In contrast, the forms "hidden" in disulfide bonds for instance persist for a much longer period of time in the brain tissues (Warenycia et al., 1990) . This notion has however been challenged for the heart, supporting the view that some of the persisting consequences of H 2 S intoxication are not directly related to the persistence of a pool of measurable sulfide (Sonobe and Haouzi, 2016a) . Regardless, the toxic effects of H 2 S can persist beyond the phase of exposure, without being accessible to antidotes that would be mostly acting on the soluble form (Haouzi et al., 2014a; Haouzi and Klingerman, 2013; Haouzi et al., 2014b; Klingerman et al., 2013) (see  below) .
H 2 S is considered as a mitochondrial poison, and its toxicity is usually assumed to result from its combination with the ferric iron of the mitochondrial cytochrome C oxidase (CCO) (Khan et al., 1990) , inhibiting its activity (Cooper and Brown, 2008; Dorman et al., 2002) , preventing in turn ATP formation and promoting the production of reactive O 2 species (ROS) (Eghbal et al., 2004) . As a consequence, the mitochondrial complexes upstream to CCO are all maintained in a reduced state and become unable to transfer protons across the inner mitochondrial membrane leading to a rapid depression of the mitochondrial membrane potential, preventing mitochondrial ATP synthesis (Kim et al., 2012) . The resulting production of mitochondrial reactive O 2 species also contributes to H 2 S toxicity. In addition, since NADH cannot be oxidized anymore by an already reduced mitochondrial complex I, the NADH/NAD ratio increases and virtually stops the TCA cycle (LaNoue et al., 1972; Liu et al., 2018) . This, in turn, also suppresses synthesis of ATP via mitochondrial substrate-level phosphorylation (TCA cycle). The rise in the NADH/NAD ratio also increases the transformation of pyruvate into lactate in the cytoplasm (Burgner and Ray, 1984) .
However, some manifestations produced by an intoxication by H 2 S compatible with survival are probably not related to a decrease in intracellular ATP concentration: Recent works on the interaction between H 2 S and proteins (Paul and Snyder, 2012) , including ion channels (Zhang et al., 2012) , have revealed much more complex sets of mechanisms potentially leading to an acute neuronal depression (apnea and coma). Such mechanisms include the effects of H 2 S on cysteine residues of proteins, by direct "sulfhydration" (S-SH bonds) (Mustafa et al., 2009) . This mechanism has been put forward to account for the extreme and early toxicity of H 2 S on Ca 2+ channels for instance (Sun et al., 2008; Zhang et al., 2012) , including sarcoplasmic reticulum ryanodine receptors (RyR) rich in free cysteine residues. Various ion channels, including K + -ATP (Chen et al., 2012) , Ca 2+ (Sun et al., 2008; Telezhkin et al., 2010; Zhang et al., 2012) , are affected by hydrogen sulfide in the heart and in the central nervous system. Not all the mechanisms of sulfide toxicity require the mitochondrial activity to be critically altered, as shown for the medullary neurons for instance (Greer et al., 1995) . An increased ROS production when the electron chain activity is impeded (Bouillaud and Blachier, 2011) could also certainly contribute to sulfide toxicity (Zima and Blatter, 2006) . A comprehensive description of the contribution of ion channels, "reconfiguration" of proteins, or mitochondrial dysfunction to the symptoms of sulfide poisoning in keeping with the level of intoxication is still lacking (Haouzi et al., 2014b; Klingerman et al., 2013; . Two relevant interactions between H 2 S and CNS neurotransmission should be mentioned here. H 2 S has Fig. 1 . Relation between the concentration of free gaseous H 2 S in the blood and symptoms of H 2 S toxicity in the rat during step increase in H 2 S levels of exposure (Haouzi et al., 2014a; Haouzi and Klingerman, 2013; Haouzi et al., 2014b; Klingerman et al., 2013) . Note that 1-the presence of first symptoms of intoxications consists in a increase in ventilation reflecting the stimulation of the arterial chemoreceptors, 2-the pool of free/diffusible sulfide is relatively small during an exposure to H 2 S and virtually disappears from the blood and tissues within 1 min following a severe intoxication (modified form ). been proposed to contribute to the phosphorylation of NMDA receptor subunits resulting in their activation (Abe and Kimura, 1996; Kimura, 2000) as well as an increase in glutamate production (Garcia-Bereguiain et al., 2008) . Perhaps more interestingly, the inhibitory effect of H 2 S on GABAergic system (Han et al., 2005) may well represent the substratum for many of the clinical symptoms related to neural depression (coma, apnea) observed in sulfide intoxication. The very rapid production of neural inhibition including the brainstem respiratory neurons could be seen as a protective mechanism, which by a reduction in ATP demand could certainly anticipate and limit the consequences of a reduction in ATP production.
3. Hydrogen sulfide intoxication produces acute and (sometimes) long-term neurological effects
Acute symptoms
The toxicity-dose relationship is extremely steep and life-threatening symptoms can be produced as soon as free H 2 S reached few microM in the blood (Fig. 1) . The exact correspondence between the level of inhaled H 2 S and the symptoms of toxicity is not really known and it is assumed that acute exposure to fractions of inspired H 2 S above 1000 ppm are toxic in humans and could even be lethal (Guidotti, 1996; Guidotti, 1994) . Interestingly, levels of toxicity are quite similar between small and large mammals (Haouzi et al., 2014b) . As illustrated in Fig. 2 , one of the first measurable symptoms of toxicity to an exposure to H 2 S is a stimulation of breathing, long identified as a result of a stimulation of the arterial chemoreceptors by H 2 S (Haouzi, 2012; Heymans et al., 1931) . As the intoxication progresses this stimulation of breathing is replaced by a depression of breathing always associated with a coma (Beauchamp Jr, et al., 1984; Guidotti, 2010) . This coma may be associated with seizures, although generalized seizures appears, at least in un-sedated rats, much less frequent than during cyanide intoxication . All these symptoms can develop within Fig. 2 . Acute clinical manifestations of H 2 S: Panel A shows an example of the rapid reversibility of the coma that can be observed after H 2 S intoxication in model wherein NaHS is administered IP leading to a 60-70% lethality . Whenever the animals recover, this recovery is very rapid. Panel B and C shows the change in breathing produced by inhalation of H 2 S (peak 2100 ppm) in a rat placed in a home made open flow plethysmograph. After a period of hyperventilation, a central apnea occurs. Exposure is stopped as soon as breathing stopped. The period of apnea interrupted by a typical gasping pattern that led, in this rat, to a recovery of respiration (note that these changes are similar to those produced by a systemic administration of NaHS). Haouzi et al., 2016) . Every rat with no exception presented a depression in cardiac contractility, which led either to death by PEA or spontaneous recovered. minutes or even seconds, in the most severe forms (Fig. 2) but can be spontaneously completely reversible , if the exposure is of short duration and do not reach levels in the blood of more than few microM. If the exposure is maintained or lead to higher sulfide concentrations, a persistent gasping pattern ( Fig. 2) is produced and the exposure can be rapidly fatal . We have found that the cause of death during acute sulfide intoxications is a circulatory failure, which starts to develop almost immediately due to an acute depression of cardiac contractility Judenherc-Haouzi et al., 2016; Sonobe and Haouzi, 2016b) , produced by an inhibition of LCa channels in the cardiomyocytes (Cheung et al., 2018a; Judenherc-Haouzi et al., 2016) , that leads to a pulseless electrical activity (persistent of an electrical activity with no contraction) ( Fig. 3 ). Of note, isolated apneas are almost never the primary cause of death, unless a profound cardiac depression is also present Judenherc-Haouzi et al., 2016; Sonobe and Haouzi, 2016b) (Fig. 1) .
In humans, the clinical descriptions seem to be similar to that reported in most unsedated animal model with a rapid loss of consciousness followed, if the intoxication is of brief duration and thus not lethal, by a very rapid recovery in most cases (Burnett et al., 1977) . This reversibility of the neurological symptoms is quite striking as it mimics a phenomenon of "knock-down" (Fig. 2) , a term which has actually been coined to describe H 2 S rapid and reversible coma. This effect is quite unique to H 2 S induced coma and has even been compared to the effects of a short life anesthetic agent. In more severe intoxications however, the coma will persist and victims are typically found by first responders either already in cardiac arrest or unconscious, seizing and in shock with a picture of respiratory failure, along with a profound depression of breathing (Burnett et al., 1977; Mooyaart et al., 2016) . Those victims are those at risk of developing secondary neurological lesions (Mooyaart et al., 2016; Tvedt et al., 1991a; Tvedt et al., 1991b) 3.2. Long-term neurological deficits and lesions produced by H 2 S toxicity: post-toxic or post ischemic/anoxic injury?
In un-sedated rats, after acute intra-peritoneal administration of a dose of NaHS sufficient to produce a coma within 1-2 min, a cardiac arrest can occur within 7-10 min in 60 to 70% of the animals by PEA (Judenherc- Haouzi et al., 2016; . The surviving rats present either no sequelae or display neurological deficits . Most of the surviving animals displayed less effective search patterns during the Morris Water Maze testing (Fig. 4) , resulting in a significantly higher occurrence of scanning strategy to locate the platform . The lesions observed in the animals with motor deficit can be quite impressive, consisting of diffuse neuronal necrosis of the superficial and middle laminae of the frontal, parietal, temporal and occipital lobes of the cerebral cortex and cingulate gyrus, with sparing of the deepest laminae. Necrotic lesions also involve the caudate putamen, thalamus as well as amygdala . The piriform cortex, cerebellar Purkinje cell layer and hippocampal (CA1-3 and dentate gyrus) neuronal populations were never affected ( Fig. 5 ), in major contrast to the effects of anoxia-induced brain damage in which the deeper layers of cerebral cortex along with hippocampal and neocortical pyramidal cells, striatal neurons, and Purkinje cells (Brierley and Excell, 1966; Graham et al., 1990; Iwasaki et al., 1989) are affected. The lack of memory deficit during MWM testing could be explained by the absence of hippocampal lesions , while the motor deficit and blindness can be accounted for by lesions affecting the thalamus, the motor or visual cortex as well as subcortical nuclei (Fig. 5) . In a mouse model of sulfide intoxication, based on repetition of toxic exposures over several days (Rumbeiha et al., 2016) or for a long period of sulfide inhalation (1 h), Anantharam et al. found neurodegenerative lesions in the collicular, thalamic, and cortical brain regions (Anantharam et al., 2017) . Clearly in some animal models post anoxic/ischemia brain injury can develop due to long period of shock or hypoventilation and may also provoke complex lesions related to brain ischemic insult (Baldelli et al., 1993) . For instance, in cattle found in a pit containing very high levels of sulfide (Hooser et al., 2000) , necrotic lesions affecting the deeper layers of the cortex, the hippocampus and the Purkinje cells of the cerebellum were found. These results suggest lesions similar to those produced by post anoxic/ischemic injury are present following sulfide exposure, but also that there is some specificity of H 2 S induced neural death at least on the distribution of the lesions . It should also be kept in mind that H 2 S appears to be able to prevent the increase in HIF-1alpha produced by hypoxia (Wu et al., 2012) , therefore making cells exposed to H 2 S defenseless against some of the effects of ischemia. In addition, there are series of evidence suggesting that not all neurons share the same sensitivity to H 2 S, as exemplified with olfactory neurons (Imamura et al., 2017) . Finally, the study of Baldelli et al. (Baldelli et al., 1993) clearly supports the view that hypotension is an important factor of survival rate and brain necrosis.
Human exposure
Mooyaart et al. (Mooyaart et al., 2016) have collected the clinical outcome from 56 victims of life threatening sulfide intoxication, most of them related to exposure to a manure pit. 45% of the victims were found dead at the scene, 14% of victims needed CPR. All the surviving victims were admitted in hospital, including in an ICU, with a very good outcome. Most victims found alive at the scene survived and an important finding of this study was that 75% of the victims who needed an immediate cardio-pulmonary resuscitation recovered with no neurological deficit. The main conclusion of this retrospective study was that even when patients are found in coma with cardiorespiratory failure, the neurological outcome could be quite favorable. This study appears to support the conclusions of the study of Burnett et al. (Mooyaart et al., 2016) . This study looked at victims of H 2 S intoxication in the oil, gas and petrochemical industries. They found that, in contradiction to impression given by some isolated case reports, the neurological outcome of most patients in a coma was very favorable. Indeed, 221 cases of exposure to H 2 S were studied, 65% of these victims had initial loss of consciousness with an overall mortality of 6% -the vast majority of victims killed by H 2 S were found dead at the scene. No long-term adverse effects were apparent in the survivors regardless of the severity of the initial coma.
Yet long-term neurological deficit do develop in humans following severe H 2 S intoxication causing visual, cognitive and motor deficit (Tvedt et al., 1991a; Tvedt et al., 1991b) . Case reports have found abnormal brain imaging following H 2 S intoxication, ranging from lesions of the basal ganglia (Gaitonde et al., 1987; Matsuo et al., 1979) , Cortical atrophy (Tvedt et al., 1991a,b) , decreased metabolism in thalamus, basal ganglia, temporal and inferior parietal lobe in PET Scan (Schneider et al., 1998) . Neuronal lesions affecting the basal ganglia and motor cortex (Nam et al., 2004) fits well with the description of lesions we found in our rat model .
Using methylene blue to treat H 2 S induced brain injury
As developed in the first paragraph, the neurological effects of H 2 S (coma) as well as the cardiac failure are present beyond the phase of exposure at a time when the soluble form has already vanished. The challenge is therefore to find medical countermeasures antagonizing the effects of H 2 S toxicity while the pool of exchangeable sulfide is already gone.
Due to the severity of the cardiac depression and the inhibition of breathing associated life threatening H 2 S intoxication, symptomatic treatment appears to be essential to put in place as soon as possible, which includes CPR and epinephrine (Judenherc -Haouzi et al., 2018) . These treatments are aimed at limiting the consequences of the severe depression of cardiac contractility, which develops extremely fast with H 2 S. Benzodiazepine have been also proposed to reduce the acute neurological toxicity (Anantharam et al., 2018) .
The specific approach proposed to treat H 2 S poisoning has traditionally focused on trapping free H 2 S using metallo-compounds, e.g. ferric iron contained in methemoglobin Haouzi and Klingerman, 2013; Van de Louw and Haouzi, 2013) or cobalt compounds such as in hydroxycobalamin (HyCo) (Haouzi, 2011; Fig. 4 . Examples of the alteration of swimming pattern in a Morris Water Maze in rats surviving H 2 S intoxication in a model which has a mortality of 60-70% (Judenherc- Haouzi et al., 2016; similar to the one illustrated in Fig. 3 . Note that in this very severe model of intoxication, there was a significant increase in non-spatial pattern, which persisted until the 4th day of study. Fig. 5 . Anatomical distribution of the necrotic lesions observed in about 15% of the rats that survived a lethal exposure to H 2 S (same in Fig. 3) . See text for further detail. (modified from (Sonobe et al., 2015) ). Smith, 1969; Smith and Gosselin, 1976; Truong et al., 2007; Van de Louw and Haouzi, 2013) . Other antidotes are based on empirical observations, such as sodium bicarbonate (Almeida and Guidotti, 1999; Guidotti, 2010) and hyperoxia (Bitterman et al., 1986; Haouzi et al., 2011; Smilkstein et al., 1985; . Vitamin B12 analogues or Nitrite-induced methemoglobinemia (Kohn et al., 2002; Smith, 1967 Smith, , 1969 Smith, , 1977 Smith and Gosselin, 1966; Van de Louw and Haouzi, 2013) can however only allow the rapid trapping of H 2 S outside the cells but have little or no effects on the combined forms after exposure (Haouzi et al., 2014a) . In addition, sodium nitrite further decreases arterial blood pressure in subjects already in shock (Hall and Rumack, 1997; Hall et al., 2009 ) and affects oxygen transport (Ash-Bernal et al., 2004; Gosselin, 1979, 1966) . Cobalt contained in HyCo (Van de Louw and Haouzi, 2013) has several theoretical advantages over methemoglobinemia (Mihajlovic, 1999; Truong et al., 2007) , but whether this very large molecule can penetrate cells at sufficient concentrations and rapidly enough (Astier and Baud, 1996) to neutralize the effects of H 2 S remains to be demonstrated. We found that HyCo reduces the immediate mortality of sulfide in the sheep but only when used within one or 2 min following exposure . In our experience, no clear beneficial effects are demonstrable if administered later on, and more importantly HyCo did not prevent the development of a severe metabolic acidosis or lactate production in the surviving animals . As HyCo has no interaction with the sulfides "fixed" on proteins, new paradigms must be proposed using agents counteracting the deleterious consequences of H 2 S toxicity, rather than trying to trap soluble H 2 S. Of interest, recent works on cobinamide, a very soluble modified B12 analog (Brenner et al., 2010) , have shown a clear efficacy in animal models receiving this antidotes when a continuous exposure to sulfide a low dose was maintained following a very toxic bout (Brenner et al., 2014; Ng et al., 2018) . The effects of this promising agent administered at various timing after the end of a unique bout of H 2 S remain therefore to be characterized. Methylene blue (MB), a dye that was synthetized at the end of the 19th century (Clifton and Leikin, 2003; Ginimuge and Jyothi, 2010) , appears to exert interesting antidotal properties against severe intoxications by H 2 S with very relevant neurological benefits in animal models. MB appears to act through a unique modality of action, resulting from its very distinctive cyclic redox properties. These properties are currently used to treat methemoglobinemia, restoring the ability of hemoglobin to carry O 2 (Clifton and Leikin, 2003; Ginimuge and Jyothi, 2010; Mayer et al., 1993; Wright et al., 1999) .
MB is a cationic tri-heterocyclic redox compound with a central aromatic thiazine ring system, for which pharmacokinetics, both in the blood and tissues, has been established in various species including humans (Burrows, 1984; Peter et al., 2000) . MB diffuses extremely rapidly and accumulates in all tissues including in the brain (Peter et al., 2000) . MB has been shown to have a relatively long half-life in the blood (4-5 h in the rat). As soon as it enters the blood, MB, with a redox potential around zero, is reduced into leucomethylene blue (LMB) (Fig. 3) by NADH (Fig. 6 ) or other reducing agents present in cells (Buchholz et al., 2008) . LMB is then re-oxidized into MB by molecules such as O 2 and oxidized metallo-compounds and a new cycle of reduction can be initiated (Buchholz et al., 2008) . Diffusing rapidly into the cytoplasm and in the mitochondria of any cells, including neurons (Peter et al., 2000) , MB/LMB can therefore restore the TCA cycle and the glycolytic activity by oxidizing NADH and decreasing the NADH/ NAD ratio (Komlodi and Tretter, 2017) . When the electron chain is immobilized in a reduced state, like during H 2 S intoxication, the reestablishment of the TCA cycle can, in turn, lead to the production of ATP via succinyl-CoA synthasemitochondrial substrate-level phosphorylation (Komlodi and Tretter, 2017 )independently of the integrity of the mitochondrial ATPase activity. Of note, it has been proposed that MB could protect selective regions of the brain, wherein memory is encoded and processed in various models of brain dysfunction-induced amnesia (Rojas et al., 2012) . LMB has potent reducing properties that have been proposed to contribute to the protection of various regions of the brain (Rojas et al., 2012) . This effect (Oz et al., 2011) has been proposed to account in part for the restoration of cognitive deficit in various models of brain dysfunction (Rojas et al., 2012) and in postanoxic brain injury (Martijn and Wiklund, 2010; Miclescu et al., 2006 Miclescu et al., , 2007 Wiklund et al., 2007 Wiklund et al., , 2013 as well as various conditions associated with altered mitochondrial functions (Atamna and Kumar, 2010; Atamna et al., 2008; Daudt 3rd et al., 2012; Lin et al., 2012; Poteet et al., 2012) . It has been proposed that LMB could interact directly with the mitochondrial electron chain (Rojas et al., 2012) , providing electrons to the complexes I and III and allowing a partial resuscitation of the mitochondrial electron chain. This could, in turn, maintain the mitochondrial gradient of protons, when complexes are inhibited (Atamna et al., 2008; Daudt 3rd et al., 2012; Poteet et al., 2012; Wen et al., 2011; Zhang et al., 2006) . However, such a mechanism of prevention of neuronal H 2 S toxicity is irrelevant during a sulfide intoxication as the electron chain is already reduced. We have recently proposed that molecules of hydrogen peroxide produced during the reoxidation of LMB by O 2 (Schirmer et al., 2011; Wainwright and Amaral, 2005) , before being "transformed" into H 2 O and could re-oxidize the metallo-proteins (Jancura et al., 2014; Jünemann et al., 2000) of the electron chain complexes. We have proposed (Haouzi et al., 2019a,b) that such a re-oxidation could restore the capacity of the electron chain to be reduced again (by LMB or NADH) . Finally MB also exerts a direct oxidation of free sulfide, which should be seen as reducing agent. This effect without enzymatic activity is slow and can only account for a small part of the beneficial effects that would be present during the period of exposure (Haouzi et al., 2019b) (Fig. 7) . In addition, MB appears to increase the pool of "trapped" H 2 S in red cells through a mechanism very similar to the mechanisms involved in the restoration of electron chain (Fig. 7) . Indeed, we have observed that a new peak of absorbance of hemoglobin, at 620 nm, is only present in the blood of animals that received MB and H 2 S at the same time, in contrast to those that received H 2 S only. A very similar effect was produced in vitro (Haouzi et al., 2019b) . This peak is traditionally considered as a maker of the presence "sulfhemoglobin:. We have postulated (Haouzi et al., 2019a; Haouzi et al., 2019b) that "although MB by itself is not able to oxidize Fe 2+ to Fe 3+ or even into ferryl iron (Fe 4+ ), a cyclic conversion of hemoglobin into methemoglobin, due to the decrease in NADPH (and possibly reduced glutathione in the red cells) could be produced". This reaction will be opposed by the cyclic transformation of ferric into a ferrous form by LMB, increasing the chance for molecules of free sulfide to be trapped without any significant and stable increase in mean concentration of methemoglobin. One could propose that molecules of hydrogen peroxide produced during the re-oxidation of LMB by O 2 before being "transformed" into H 2 O by the catalase presents in red cells, could change the redox state of iron into a ferryl state, "fossilizing" H 2 S and in turn impeding sulfide diffusion to the tissues (see (Haouzi et al., 2019a; Haouzi et al., 2019b) for more discussion). This could certainly account for the lessening of H 2 S toxicity without creating a permanent methemoglobinemia.
All these effects translate into a drastic decrease in mortality (Judenherc- Haouzi et al., 2016; and improvement of neurological dysfunction, including in a restoration of the swimming strategy in un-sedated rats exposed to a very severe form of H 2 S intoxication, as shown in Fig. 8 .
Finally, MB could be seen as a "universal" antidote capable of rescuing the metabolic consequences of the inhibition of the electron chain activity (Cheung et al., 2018b; Haouzi et al., 2018 ) that is effective not only against H 2 S (Judenherc- Haouzi et al., 2016; but also in other intoxications affecting mitochondrial functions, including CN (Cheung et al., 2018b; Haouzi et al., 2018) , sodium azide (Riha et al., 2011) or rotenone (Zhang et al., 2006) .
In conclusion, the effects of H 2 S intoxication induced acute coma and breathing depression as well as on the development of long-term neurological effects are still poorly understood. The incidence of long-term sequelae appears to be low even in victims requiring CPR. In many cases, the lesions presented by surviving victims typically in shock and gasping are not really distinguishable from lesions produced by brain ischemia/anoxia. Although a direct toxicity of H 2 S to neurons does exist, it is possible that, in vivo, the acute toxicity of H 2 S for the heart may produce a PEA before major neurological lesions can develop.
Methylene blue, due its unique redox modality of action, is a member of an interesting family of antidotes that can not only affect the pool of free H 2 S but can also restore the consequences of sulfide intoxication. Fig. 6 . Top panel: Redox properties of methylene blue currently used for the treatment of methemoglobinemia. MB is readily reduced into leucoMB (LMB) by molecules such as NADH or NAPDH as soon as it is administered (Kelner and Alexander, 1985; Sevcik and Dunford, 1991) . LMB is therefore a reducing agent capable of transferring the electron(s) gained from NA(P)DH to molecules with higher redox potentials such as oxidized metalsor O 2 . Lower panel: Absorbance of a solution of MB (100 microM), NADH (200 microM) (panel A) and of a solution where MB was mixed with NADH (neutral pH, ambient temperature, Panel B). When mixed in the presence O 2 , allowing the constant reoxidation of LMB into MB, there was a decrease in NADH concentration to zero reflecting its cyclic oxidation by MB into NAD (see reference (Haouzi et al., 2019b) for further details). Fig. 7 . Effects of Methylene blue on free H 2 S. Left panel: Absorbance of a solution of hemoglobin obtained from the blood sampled 1 min after the end of exposure in a sheep that received a lethal level of H 2 S only (red lines, before cardiac asystole occurred) and in a sheep that received H 2 S plus MB (blue line). Note that a peak of absorbance at 620 nm was present when MB was administered with H 2 S. This peak of absorbance corresponds to the formation of a pool of sulfide combined with hemoglobin, which increased dramatically after MB administration (see reference (Haouzi et al., 2019b) text for additional details). Right panel, in vitro effects of mixing MB and H 2 S (NaHS solution at different concentration ranging from 100 microM to 5 milliM) in capped vials, clearly MB is reduced by the presence of free H 2 S, being oxidized in the process (see (Haouzi et al., 2019b) for methodological details). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) P. Haouzi, et al. Neurobiology of Disease xxx (xxxx) xxxx Fig. 8 . Panel A: Effects of MB on the immediate mortality (within 30 min) produced by a model of severe sulfide intoxication in the rats (pooled data from 2 of our previous papers (Judenherc ). Panel B: MB has a clear impact on mortality while restoring a normal swimming pattern in the surviving animals at D4. P. Haouzi, et al. Neurobiology of Disease xxx (xxxx) 
